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Abstract 
 
 
Sensor applications based on organic field-effect transistor (OFET) platforms have attracted increasing 
interest because of their advantages such as light-weight, low-cost, and flexibility. Various OFET-based 
sensors have been demonstrated for sensing a various types of stimuli including chemical/biological 
species, pressure, and light. Nonetheless, there is a substantial drawback for practical applications of 
OFET-based sensors; the poor resistance of organic semiconductors in common organic solvents. 
Although OFET-based sensors for detecting vaporized organic solvents and aqueous-phase analytes 
have been reported, the direct detection of the liquid-phase analytes, i.e., organic solvents, has not yet 
been demonstrated. Herein, we demonstrate solvent-resistant OFET-based sensors with high sensitivity 
and selectivity using photo-cross-linkable organic semiconductor, azide-functionalized poly(3-
hexylthiophene) (P3HT) copolymers. P3HT-azide copolymers have been introduced to enhance the 
chemical resistance of semiconducting layer in common organic solvents. Moreover, calixarene 
derivatives have been adopted on the top of the semiconducting layer to increase the sensitivity and 
selectivity of the sensors toward target analytes. Various liquid-phase organic solvents were tested using 
solvent-resistant OFET-based sensors and well-defined sensing results were obtained owing to the 
combined effects between the liquid-phase analytes and sensors; the interactions between 
calixarene/analytes and the enhanced electron-withdrawing/donating characteristics depending on the 
liquid-phase analytes. The OFET-based sensors showed low detection limits (≈ 1 vol %) toward a 
complex solutions of organic solvents. The experimental results agreed with the computational study at 
the atomistic level via both molecular dynamics (MD) and density functional theory (DFT). The sensing 
demonstration for various pH solutions has also been conducted. Furthermore, flexible OFET-based 
sensors have been fabricated with a polymer dielectric and a flexible substrate. This report provides a 
novel approach for the fabrication of OFET-based sensors that can detect liquid-phase organic solvents 
and substantially expands possibility of their practical use. 
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1. Introduction 
 
1.1. Organic field-effect transistors (OFETs) 
 
Technological interest of organic field-effect transistors (OFETs) has attracted substantial attention due 
to their potential to promote low-cost, light-weight, and flexible electronic circuitry.1 A wide range of 
the fabrication methods of organic semiconductors (i.e., vacuum deposition,1b solution-based process,2 
and single-crystal growth3) has encouraged the variety of OFET devices, such as memory devices,4 
sensors,5 organic light-emitting transistors (OLETs).6 Various geometries OFETs are available 
depending on a relative position of the source/drain and gate electrodes to the semiconducting layer 
(Figure 1-1). The OFETs consist of mainly three parts: i) an organic semiconductor layer, ii) a dielectric 
layer, and iii) three conducting electrodes. Charging of the capacitor (i.e., dielectric layer) is occurred 
by applying a voltage between the source and gate electrode (VGS) and current between source and drain 
electrode are controlled by the magnitude of VGS (Figure 1-2). Mobile charges in the dielectric layer are 
localized in both interfaces of semiconducting layer and gate electrode by applied voltage, forming very 
thin (a few nanometers) conducting pathway of charge carriers in the semiconductor called conducting 
channel. Holes (h+) and electrons (e-) act as charge carriers in p-type and n-type semiconductors, 
respectively. Typical output curve and transfer curve of the OFETs in saturation regime are shown in 
Figure 1-3. In general, current-voltage (I-V) characteristics of the OFETs are calculated in saturation 
regime (Equation 1) and linear regime (Equation 2) depending on condition of the applied voltages. 
𝐼𝐷
𝑠𝑎𝑡 =
1
2
𝑊
𝐿
𝑠𝑎𝑡𝐶i(𝑉GS − 𝑉T)
2,           𝑉𝐷𝑆  >  𝑉𝐺𝑆 − 𝑉𝑇    (Equation 1) 
𝐼𝐷
𝑙𝑖𝑛 =
𝑊
𝐿
𝑙𝑖𝑛𝐶i(𝑉𝐺𝑆 − 𝑉𝑇)𝑉𝐷𝑆,           𝑉𝐷𝑆  <  𝑉𝐺𝑆 − 𝑉𝑇    (Equation 2) 
where, μ is the field-effect mobility, Ci is the capacitance of gate dielectric per unit area, VT is threshold 
voltage of the device. 
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Figure 1-1. Three typical geometries of organic field-effect transistors; a) bottom gate bottom contact 
(BGBC), b) bottom gate top contact (BGTC), and c) top gate-bottom contact (TGBC). 
(S, D, and G represent source, drain, and gate electrode, respectively.) 
 
 
 
 
 
 
 
 
 
 
Figure 1-2. Schematic illustration of the operation principle of p-channel OFETs. 
(Green spheres represent the charge carriers of the semiconductor, hole (h+).) 
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Figure 1-3. Typical a) output curve and b) transfer curve of the p-channel OFETs.7 Mobility and 
threshold voltage can be extracted from square root of the drain current at b). 
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1.2. Chemical sensor applications based on OFET platform and limitation of current stage 
 
Among various applications based on OFET platforms, sensors based on OFETs have received great 
attentions because organic semiconducting layers can be modified by rational molecular design or 
functionalization of the surface to enhance sensitivity and selectivity (Figure 1-5).1c, 8 Sensors based on 
OFET platforms can easily amplify the signal response and by controlling the applied voltage of the 
third electrode (i.e., gate electrode).9 OFET-based sensors have been demonstrated for sensing various 
types of analytes including chemical compounds,10 biological species,5d, 11 light,3b, 12 pressure,13 and 
health monitoring14 (Figure 1-6). In addition, to enhance the selectivity of the OFET-based sensors, the 
immobilization of DNA anchors,5b, 11 introduction of selectivity-enhancing molecules,15 and rational 
design of organic semiconductors10a have been demonstrated. Nevertheless, substantial limitation of the 
OFET-based sensors, that is poor resistance of the organic semiconductors in common organic solvents, 
has delayed the practical application of the OFET-based chemical sensors. Several approaches to 
prevent organic semiconducting layers from solvating in organic solvents have been demonstrated 
including passivation16 or chemical/physical cross-linking17 of the organic semiconducting layers. 
However, these methods have disadvantages for the performance of the sensors. In general, passivation 
of the semiconducting layer often decreases the sensitivity of the sensors and cross-linking of the 
semiconducting layer with bulky cross-linking agent with additional functional groups tends to disturb 
their molecular packing and hinder charge transport of the semiconductor.18 
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Figure 1-5. Typical sensing mechanism of the OFET-based chemical/biological sensors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-6. Various demonstrations of OFET-based sensors detecting a) vaporized-NH3,19 b) aqueous-
phase analytes,10a c) pressure (pulse wave of the radial artery),14 and d) light3b (so called 
phototransistors).  
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1.3. Research goal 
 
Although the OFET-based sensors for detecting vaporized organic solvents and aqueous-phase analytes 
have been reported, demonstration of the sensors for direct detection of liquid-phase organic solvents 
has not been performed because of the low stability of the organic semiconductors toward common 
organic solvents. The solvent-resistance of the organic semiconductor is a critical factor for further 
application of OFET-based sensors toward practical use, such as environmental monitoring system 
which detects harsh liquid-phase organic solvents. 
Herein, we suggest novel solvent-resistant OFETs by introduction of azide-functionalized poly(3-
hexylthiophene) (P3HT) copolymers to enhance the resistance of the OFET toward organic solvents.17b 
Facile cross-linking of azide functional groups that could be performed by a few minutes of ultraviolet 
(UV) irradiation can be utilized to fabricate solvent-resistant organic semiconductors without loss of 
electrical performance. Moreover, fabrication of OFET-based sensors with cross-linked P3HT-azide 
copolymer was demonstrated. High durability of the cross-linked semiconducting layer will facilitate 
the application of the OFETs to chemical sensors that can detect organic solvents in liquid-phase. To 
enhance selectivity of our sensors, calixarene derivative will be introduced to provide a functionality of 
the surface of the OFET-based sensors. The functional groups at calixarene derivatives (e.g., 
hydrophilic (𝑂−𝐻⋯𝑂) and lipophilic (𝐶−𝐻⋯π) interactions) can interact with the molecules of target 
analytes, enhancing selectivity of the sensors. To the best of our knowledge, the first liquid-phase 
sensing of toxic analytes using solution-processed OFET-based sensors will be demonstrated. 
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2. Experiments 
 
2.1. Synthesis of P3HT-azide copolymers17b 
 
P3HT-azide copolymers were synthesized by Hyeong Jun Kim as the research collaboration (research 
advisor: Prof. Bumjoon J. Kim, KAIST). Scheme 1 shows synthesis process of P3HT-azide copolymer. 
To obtain two compositions of azide unit (N3) in P3HT-azide copolymer, 10 and 20 mol % of 3-
(azidohexyl)thiophene monomer were utilized. Bromine-functionalized P3HT copolymers (P3HT-
azide) were synthesized according to previously reported method.20 Bromine groups were replaced with 
N3 by addition of NaN3 and 18-crown-6 as a phase transfer catalyst in mix solution of tetrahydrofuran 
(THF) and Dimethylformamide (DMF) after the polymerization of the P3HT-Br copolymers. Residual 
NaN3 was removed by Soxhlet purification using methanol. 
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Scheme 1. Synthesis of azide-functionalized P3HT copolymers containing 10 and 20 mol % of azide-
unit.21 
(Reprinted with permission from17b, H. J. Kim, et al., Chem. Mater. 2012, 24, 215. ©  2014 American 
Chemical Society.)  
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2.2. Fabrication of solvent-resistant OFETs 
 
The OFETs were fabricated on a heavily n-doped silicon (Si) wafers with a 300 nm thick thermally 
grown SiO2 layer (capacitance of dielectric per unit area, Ci = 10 nF cm-2). The surface of the Si wafer 
was modified with self-assembled monolayer (SAM) with n-octadecyltrimethoxysilane (OTS) as 
follows: Prior to the treatment of Si wafer, the substrates were cleaned with Piranha solution (3:1 
H2SO4:H2O2, v/v) and rinsed with toluene, acetone, and isopropyl alcohol (IPA) sequentially and dried 
with dried-nitrogen (N2) stream. Then, the piranha-cleaned Si wafer was spin-coated with the OTS 
solution (12 μL of OTS and 10 mL of trichloroethylene (TCE)) with 1500 rpm for 30 s. After spin-
coating, the substrates were stored in the vapor of ammonium hydroxide (NH4OH) under a pressure of 
10-50 mTorr for overnight. After the exposure of the substrate at NH4OH, it was cleaned with toluene, 
acetone, IPA and dried with dried-N2 stream. The contact angle of DI water on the OTS-modified Si 
wafer was ≈110 o. 
For the fabrication of the solvent-resistant OFETs, P3HT-azide copolymer containing 20 mol % 
of 3-(azidohexyl)thiophene monomer (azide20) was used as the semiconducting layer and prepared as 
2 mg mL-1 of solution in chloroform (CF) and stirred at 40 oC for over 6 h to dissolve the polymer into 
the solution completely. The solution was filtered with polytetrafluoroethylene (PTFE) syringe filter 
with a pore diameter of 0.22 μm. The solvent-resistant semiconducting layer (≈50 nm) were deposited 
on the OTS-treated Si wafer via drop-casting method. Then, the semiconducting layer was annealed at 
150 oC for 30 min. The photo-crosslinking of P3HT-azide copolymer layer was conducted using 
handheld ultraviolet (UV) lamp (λ = 254 nm) for 10 min (Scheme 2). Finally, 40 nm of gold (Au), acts 
as the source and drain electrodes, was thermally evaporated on the top of the cross-linked P3HT-azide 
layer under a pressure below 5.0 × 10-6 Torr (deposition rate : ≈0.2-0.6 Å  s-1). The channel length (L) 
and width (W) of the electrodes were 50 μm and 1 mm, respectively. The device configuration of the 
cross-linked P3HT-azide OFETs was shown in Figure 2-1. All the fabrication procedures have been 
carried out at nitrogen atmosphere. For the electrical characterization of the transistors, Keithley 4200 
semiconductor parameter analyzer was used in a N2-filled glove box. The electrical characteristics of 
the devices were calculated with Equation 1 and Equation 2 for saturation and linear regime, 
respectively. 
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Figure 2-1. Device configuration of the solvent-resistant OFETs based on cross-linked P3HT-azide 
copolymers. 
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Scheme 2. Cross-linking of P3HT-azide copolymer via UV irradiation (λ = 254 nm). 
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2.3. Solvent resistance test of OFETs 
 
Solvent resistance test of OFET devices was conducted through washing with chlorobenzene (CB). The 
semiconducting layers were immersed into CB for 5 min, followed by rinsing with acetone for a few 
minutes and then dried under a N2 stream. All of the polymer films were dried in a vacuum oven to 
remove the solvent completely. After drying step, electrical characterization of the solvent-washed 
devices was carried out. 
 
 
 
2.4. Fabrication of liquid-phase sensors based on solvent-resistant OFETs 
 
The device structure for the sensors was shown in Figure 2-2a. The fabrication procedure of solvent-
resistant OFET-based sensors right before the deposition of calixarene layer was identical with that of 
solvent-resistant OFET as stated above (See Experiments 2.2). After the thermal deposition of gold 
electrodes on the cross-linked P3HT-azdie semiconducting layer, calix[8]arene (C[8]A, purchased from 
Sigma-Aldrich) was thermally deposited as a nominal thickness of 3 nm (deposition rate: ≈0.2-0.3 Å  s-
1) (Figure 2-2b). The channel length (L) and width (W) of the electrodes were 50 μm and 9 mm, 
respectively. For the electrical characterization and sensing test of OFET-based sensors, Keithley 4200 
semiconductor parameter analyzer was used with the probe station in a N2-filled glove box for the 
electrical characterization and the probe station in ambient atmosphere, respectively. 
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Figure 2-2. a) Device configuration of the OFET-based sensor and b) the molecular structure of 
calix[8]arene used in this study. 
  
Calix[8]arene
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2.5. Atomic force microscopy (AFM) analysis 
 
For the morphological analysis of the surface of the devices, a tapping mode AFM (Multimode V, 
Veeco) was used. For the surface analysis for the sensors after sensing demonstration, the sensors were 
dried out in vacuum oven for 12 h to evaporate the liquid-phase analytes trapped within the 
semiconducting layer. The temperature of the drying process was ≈70 % of the boiling point of the each 
solvent. 
 
 
2.6. Sensing demonstrations 
 
The sensing system was designed for the detection of various liquid-phase analytes as shown in Figure 
2-3. The blocking container made of polydimethylsiloxane (PDMS) was used for the sensing test. The 
size of the container was 7 mm × 7 mm × 5 mm for the outer box and 5 mm × 5 mm × 5 mm for the 
inner box. The PDMS container was placed on the surface of the sensors. Five liquid-phase analytes 
were tested for the sensing demonstration; methanol, ethanol, deionized water (DI water), toluene, and 
n-hexane. After starting the operation of the OFET-based sensors, the drain current was stabilized about 
50 s. Then, 50 μL of target liquid analyte was injected into the blocking container (Scheme 3). The gate 
voltage (VGS) and drain voltage (VDS) were maintain as -20 V and -2 V for SiO2-based sensors, and -0.5 
V and -0.6 V for the polymer dielectric-based sensor, respectively. 
For the reusability (reversibility) demonstration of the sensors, the devices were dried out in 
vacuum oven for 6 h from second-period sensing test. The temperature of the drying process was 70 % 
of the boiling temperature of organic solvents used for sensing tests. The procedure of the sensing test 
after the initial sensing test was the same as that of first sensing test. At least 5 devices were utilized for 
estimating the reusability. 
For the sensing test with various pH solutions, the solutions were prepared using a mixture of 
hydrochloric acid (HCl) and sodium hydroxide (NaOH) in the medium of DI water. The pH was 
confirmed with pH meter. We adopted the solutions of pH 3, 5, 7, and 9. The experimental procedure 
and condition of sensing test were the same as stated above. 
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Figure 2-3. Schematic illustration of the sensing performance test of solvent-resistant OFET-based 
sensors. 
 
 
 
 
 
 
Scheme 3. Procedure device operation for the sensing demonstrations. 
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2.7. Fabrication of flexible & low-voltage P3HT-azide OFET-based sensors17b 
 
The device configuration of the flexible OFET-based sensors is shown in Figure 2-4a. For the flexible 
OFET-based sensors, indium tin oxide (ITO) coated polyethylene naphthalate (PEN) substrates was 
used. The substrate was rinsed with IPA and dried with nitrogen stream. Poly-4-vinylphenol (PVP, 
Sigma-Aldrich) and 4,4′-(hexafluoroisopropylidene) diphthalic anhydride (HDA, Sigma-Aldrich) were 
dissolved in propylene glycol monomethyl ether acetate (PGMEA, Sigma-Aldrich) with ratio of 40 mg 
mL-1 and 4 mg mL-1 respectively and stirred for over 6 h without heating (Figure 2-4b). Then, the 
solution was spin-coated on the substrate at 5000 rpm for 60 s. The PVP solution was spin-coated twice 
to form proper thickness of the dielectric to reduce gate current leakage. After the deposition of first 
PVP layer, the substrate was annealed at 100 oC for 1 h to cross-link the PVP layer and remove the 
solvent. The solution of P3HT-azide copolymer was prepared as concentration of 2 mg mL-1 in CF and 
stirred at 40 oC for 6 h. The semiconducting layer was deposited as spin-coating method at 3000 rpm 
for 30 s and dried in vacuum oven for overnight (≈12 h). Then, the film was annealed at 100 oC for 1 h. 
UV irradiation (λ = 254 nm, 10 min) was followed by thermal evaporation of the gold electrode. The 
deposition of C[8]A layer was conducted as a nominal thickness of 3 nm (deposition rate: ≈0.2-0.3 Å  
s-1). 
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Figure 2-4. a) Device configuration of the flexible OFET-based sensors with polymer dielectric and 
substrate. b) Molecular structures of poly-4-vinylphenol (PVP) and 4,4′-(hexafluoroisopropylidene) 
diphthalic anhydride (HDA) used for the fabrication of the dielectric layers. 
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3. Results & Discussion 
 
3.1. Analysis of cross-linked P3HT-azide copolymers 
 
The synthetic characterization of the P3HT-azide copolymers has been performed by Hyeong Jun Kim 
(research advisor: Prof. Bumjoon J. Kim, KAIST). Two types of P3HT-azide copolymer were 
synthesized to obtain two compositions of 10 and 20 mol % 3-(azidohexyl)thiophene monomer (P3HT-
azide10 and P3HT-azide20), respectively. The introduction of the azide unit (N3) was confirmed by 
Fourier transform infrared (FT-IR) and 1H NMR measurements. A strong N3 peak (≈2100 cm-1) was 
found from FT-IR measurement after azidation, while P3HT-Br did not show the peak (Figure 3-1). 
The Moreover, the NMR analysis showed the compositions of azide unit in P3HT-azide10 (Figure 3-
2). 
 
 
  
- 27 - 
 
 
Figure 3-1. FT-IR curves for P3HT-azide copolymers. a) Strong azide peak (2100 cm-1) was found in 
P3HT-azide10 copolymer. b) The FT-IR curves for P3HT-azide10 (red line) and P3HT-azide20 (blue 
line).22 
 
 
 
 
 
Figure 3-2. NMR data for a) azide 10 copolymer and b) azide 20 copolymer. The actual mole ratio 
between two different monomer unit was calculated by this NMR data (Azide unit- 3.28 2H, Pristine 
unit- 0.92 3H).23 
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3.2. Electrical characterization of OFETs based on P3HT-azide copolymers 
 
OFETs based on P3HT, P3HT-azide10, and P3HT-azide20 were fabricated in top-contact bottom-gate 
geometry using highly n-doped SiO2/Si wafer utilized as the gate dielectric and gate electrode, 
respectively. The surface of the SiO2 dielectric was modified with self-assembled monolayer (SAM) of 
n-octadecyltrimethoxysilane (OTS).24 Detail fabrication method of SAM treatment with OTS is 
described in Experiments 2.2. Typical transfer curves of the OFET with P3HT, P3HT-azide, and P3HT-
azide20 are shown in Figure 3-3. The electrical characteristics of these OFETs are summarized in Table 
1. The hole mobilities of 3.09 × 10-2, 4.53 × 10-2 and 3.84 × 10-2 cm2 V-1 s-1 were obtained for P3HT, 
P3HT-azide10, and P3HT-azide20, respectively, with similar on/off current ratios (~105). Charge 
transport is usually affected by the molecular packing of the conjugated semiconducting polymer.25 The 
electrical characteristics of the OFET based on P3HT-azide copolymer, however, showed even higher 
mobility compared with the transistors with pristine P3HT. This finding might indicate the cross-linking 
of the azide substituents at the end of the alkyl chains of P3HT does not disturb or change the packing 
structure of the P3HT, possibly due to the small size of the cross-linkable azide which minimizes the 
disturbance of the π-π stacking between the conjugated polymers. Therefore, the devices has maintained 
their high charge carrier mobility after cross-linking process. 
The comparison of the field-effect mobilities as a function of UV exposure time has also been 
conducted (Figure 3-4). The mobilities showed similar values above 10-2 cm2 V-1 s-1 depending on UV 
exposure time (0 min to 5 min). These results would also support the effectiveness of our cross-linking 
method that does not disturb the packing structure of crystalline polymer semiconducting layers. We 
have also checked that the films of P3HT-azide copolymer showed about 100 % of insoluble fraction 
after immersing into chlorobenzene when the films were exposed to UV light (λ = 254 nm) longer than 
5 min.17b 
In addition, the air-stability of the transistors based on cross-linked P3HT-azide has been examined 
and compared with those based on pristine P3HT. Figure 3-5a,b show the comparison of the transfer 
curves for pristine and cross-linked P3HT-azide10, respectively, as a function of the time stored in 
ambient condition (right after to 4 weeks later). All the devices prepared from P3HT and P3HT-azide 
copolymer showed decreased on/off ratio due to the increase of the off current that is known to originate 
from the oxygen doping.26 However, the OFETs based on cross-linked P3HT-azide were more stable 
in ambient condition compared with pristine P3HT. This finding might indicate that our approach could 
provide improvement of the ambient stability to some degree as well as solvent resistance. We surmise 
that the top surface of the cross-linked semiconducting layer might slow down the diffusion of oxygen 
into the channel area. 
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Figure 3-3. Comparison of the transfer characteristics of OFETs with P3HT and different P3HT-azide 
copolymers. Drain voltage (VDS) of the transistor operation was -100 V. 
 
 
 
 
 
 
 
 
 
Table 1. Summary of electrical characteristics of OFETs based on P3HT copolymers. 
 
 Mobility [cm2 V-1 s-1] ION/IOFF VT [V] 
P3HT 3.09×10-2 2.8 × 105 -6.85 
azide 10 4.53×10-2 4.1 × 105 7.32 
azide 20 3.84×10-2 4.8 × 105 -4.61 
 
 
 
 
  
- 30 - 
 
 
 
 
 
 
Figure 3-4. Mobility change of the P3HT-azide OFETs as a function of UV irradiation time. 
(Reprinted with permission from17b, H. J. Kim, et al., Chem. Mater. 2012, 24, 215. ©  2014 American 
Chemical Society.)  
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Figure 3-5. Changes of transfer characteristics of a) P3HT and b) cross-linked P3HT-azide10 as a 
function of exposure time to ambient condition. 
(Reprinted with permission from17b, H. J. Kim, et al., Chem. Mater. 2012, 24, 215. ©  2014 American 
Chemical Society.)  
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3.3. Resistivity test of cross-linked P3HT-azide OFETs toward organic solvent 
 
Resistivity test of the OFET based on cross-linked P3HT-azide was performed by comparing the 
electrical characteristics before and after exposure to CB. Figure 3-6a shows comparison of the transfer 
curves of the devices of cross-linked P3HT-azide20 before and after washing with CB. The 
semiconducting layers of pristine P3HT were completely washed out and the electrodes of the devices 
were lifted off. Figure 3-6b shows the optical microscope images of the surface of the devices with 
pristine and cross-linked P3HT-azide20 after washing with CB, respectively. The electrical 
characteristics of the devices with pristine P3HT after washing could not be conducted because of the 
lift-off electrodes. In contrast, the OFET based on cross-linked P3HT-azide copolymers showed the 
maintained electrical characteristics, exhibiting the same order of magnitude mobility after washing 
with CB (Table 2). These results clearly demonstrate the effectiveness of our cross-linking approach, 
achieving solvent-resistant OFETs toward organic solvents. Furthermore, we demonstrated the washing 
test of the flexible devices with pristine P3HT and P3HT-azide with CB (Figure 3-7). While the flexible 
devices based on pristine P3HT were washed out, those based on cross-linked P3HT-azide copolymers 
remained stable after washing with CB.  
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Figure 3-6. a) Comparison of transfer characteristics of cross-linked P3HT-azide OFETs before and 
after washing with CB. b) Optical microscope images of the transistors based on P3HT and azide20 
after washing with CB. 
(Reprinted with permission from17b, H. J. Kim, et al., Chem. Mater. 2012, 24, 215. ©  2014 American 
Chemical Society.) 
 
 
 
 
 
 
 
Table 2. Comparison of the electrical characteristics of pristine P3HT and cross-linked P3HT-azide20 
before/after washing with chlorobenzene. 
 
 
Before washing After washinga) 
Mobility [cm2 V-1 s-1] On/off ratio  Mobility [cm2 V-1 s-1] On/off ratio 
P3HT 3.01 × 10-2 3.2 × 105  - - 
azide 20 2.15 × 10-2 1.5 × 105  4.8 × 105 2.3 × 105 
a) Electrical characteristics of the OFET based on P3HT after washing with CB could not be measured due to the 
lift-off of the electrodes. 
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Figure 3-7. Photographic images of the flexible OFETs with cross-linked P3HT-azide10 and pristine 
P3HT for solvent resistance test. 
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3.4. Electrical characterization and morphological analysis of solvent-resistant OFET-based sensors 
 
The typical transfer and output characteristics of the OFET-based sensors with cross-linked azide20 are 
shown in Figure 3-8a,b. The P3HT-azide copolymer devices without C[8]A layer showed a mobility of 
0.031 ( 0.008) cm2 V-1 s-1 and an on/off ratio of 1.6 ( 0.8) × 106. For the sensors with C[8]A, the 
average mobility and on/off ratio of the OFETs with azide20 were 0.032 ( 0.004) cm2 V-1 s-1 and 1.4 
( 0.5) × 106, respectively. The higher current level of the OFETs was found with the devices with 
C[8]A. This may be due to the p-doping effect of the semiconducting layer because of induced 
polarization by an existence of C[8]A on the surface of the semiconducting layer. The threshold voltage 
of the OFETs was also shifted from 2.6 ( 4.4) V to 11.5 ( 8.1) V after the deposition of the C[8]A, 
indicating the enhanced electron withdrawing characteristics due to the C[8]A layer which affect to 
easier turn-on of the transistor. The transistor operations as linear-regime also showed clear field-effect 
behaviors (Figure 3-9a,b). 
The morphological analysis of the surface of the solvent-resistant OFET-based sensors before and 
after deposition of the C[8]A was conducted (Figure 3-10). The cross-linked P3HT-azide films showed 
an even surface profiles with a root mean square (RMS) roughness of 0.782 nm (Figure 3-10a,b). In 
Figure 3-10c,d, we can recognize the existence of the C[8]A as granular forms on the cross-linked 
P3HT-azide layer. The C[8]A layer was deposited on the top of the semiconducting layer as a nominal 
thickness of 3 nm after the deposition of gold electrodes to avoid poor charge injection between 
semiconducting layer and source/drain electrodes. 
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Figure 3-8. Electrical characteristics of the cross-linked P3HT-azide OFETs; a) transfer characteristics 
with/without calix[8]arene and b) output characteristics with calix[8]arene. 
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Figure 3-9. a) Transfer and b) output characteristics of the OFETs with C[8]A under low-voltage 
operation. 
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Figure 3-10. AFM images of the active layers of solvent resistant OFET-based sensors; a, c) Height 
and b, d) phase images of cross-linked P3HT-azide film without and with 3 nm nominal thickness of 
calix[8]arene, respectively. White particles in d) represent the evaporated calix[8]arene.  
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3.5. Sensing demonstration of solvent-resistant OFET-based sensors 
 
3.5.1. Sensing test for various liquid-phase analytes 
 
Figure 3-11 shows the sensing behaviors of the solvent-resistant sensors for various liquid-phase 
analytes (methanol, ethanol, DI water, toluene, and n-hexane) depending on C[8]A layer. The OFET-
based sensors based on P3HT-azide copolymer showed enhanced drain current after the injections of 
methanol, ethanol, and DI water. In OFET-based sensor prepared from polymer semiconducting films, 
charge-hopping transport may increase after the absorption of polar solvents because they decrease the 
distance between polymer molecules by dipole-dipole interaction between polymer molecules and 
polar-solvent molecules.27 For sensing demonstrations for polar solvents (i.e., methanol, ethanol, and 
DI water), the intensities of the sensing responses of the sensors with C[8]A showed higher than those 
of the sensing without C[8]A (Figure 3-11a-c). These results might come from the fact that the number 
of charge carriers was increased due to the enhanced electron withdrawing characteristics and 
coulombic interactions between the analytes and C[8]A. On the other hands, the sensing responses of 
the sensors with C[8]A layer for less-polar (i.e., toluene) and non-polar (i.e., n-hexane) shows higher 
intensities than those of the sensors without C[8]A due to the enhanced electron donating characteristics 
(Figure 3-11d,e). The number of charge carriers in channel area might be reduced due to the enhanced 
electron donating characteristics arose from the surface of the sensors. Figure 3-11f represents the plot 
of the statistical data for sensing results of the sensor with/without C[8]A for detection of various liquid-
phase analytes. The values of ID/IBASE after 20 s from the injection were collected and used for analyzed 
from more than 10 sensors. The average and standard deviation of the ID/IBASE were represented as the 
symbol and error bar in Figure 3-11f, respectively. Furthermore, the sensing signals of the sensors with 
C[8]A for various liquid-phase analytes were compared (Figure 3-12). When the solvents containing 
hydroxyl groups (i.e., methanol, ethanol, and DI water) were injected, the hydroxyl group/C[8]A 
binding events tended to enhance the electron-withdrawing characteristics. The number of holes (h+) 
which functioned as charge carriers would increase because of the induced surface-dipole interactions. 
Therefore, the drain current of the sensors based on p-type P3HT-azide semiconductor was increased. 
On the other hands, lipophilic interactions between C[8]A and non-polar solvents which enhance the 
electron-donating characteristics might play a major role in the change of the drain current. The number 
of charge carriers in channel would decrease due to the enhanced electron-donating characteristics. 
Moreover, charge-carrier-trapping effect also contributes to the decrease of the drain current. It has been 
reported that the molecules of non-polar solvents can permeate into channel area via grain boundaries 
of the semiconducting layer and trap the charge carriers, causing charge-carrier-trapping phenomenon.9b, 
27c, 28 
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Figure 3-11. Comparison the sensing results of the OFET-based sensors with and without C[8]A: a) 
Methanol, b) ethanol, c) DI water, d) toluene, and e) n-hexane. f) Statistical data of sensing results of 
the sensors with and without C[8]A for various liquid-phase analytes. S indicates average value of 
ID/IBASE and the error bar represents one standard deviation. 
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Figure 3-12. Comparison of sensing responses of solvent-resistant OFET-based sensors for various 
liquid-phase analytes.   
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3.5.2. Sensitivity investigations 
 
For the investigation of the sensitivity of the sensors, the sensing tests have been conducted with various 
concentration of three organic solvents (methanol, ethanol, and n-hexane) in the medium of toluene 
(Figure 3-13). We adopted toluene as the solvent for base medium because it can be well blended with 
three solvents stated above. The concentration of the blend solutions has been increased with an interval 
of 50 s. The slope of ID/IBASE has also been plotted to verify the detection of the sensors. The OFET-
based sensors with C[8]A layer showed the detection limit of ≈1 vol % toward these three solvents 
(Figure 3-13a). The magnified current change and slope for the sensing result of n-hexane are shown in 
Figure 3-13b. The sensitivity test of the sensors without C[8]A layer has also been conducted with 
methanol in toluene medium to confirm the effectiveness of the introduction of the C[8]A (Figure 3-
14a). While the sensors with C[8]A showed detection limit as ≈1 vol % for the methanol in toluene 
medium, the sensors without C[8]A showed apparent response from ≈4 vol % of the methanol in the 
base of toluene. Furthermore, sensing demonstration of the sensors for toluene using methanol as the 
medium was conducted (Figure 3-14b). The OFET-based sensors with C[8]A showed detection limit 
of toluene in methanol medium as ≈2 vol % and sensing signal was unstable compared with that for 
methanol in toluene medium. It might be resulted from the stronger induced dipole moments of 
methanol than those of toluene. Because the induced dipole moments of methanol medium has already 
affected to the C[8]A, low concentration of toluene in methanol medium could not give effect to the 
change or the sensing signal. In the case of the sensing demonstration for methanol in DI water, it 
showed small change of the current and we surmise that the molecules of DI water have already 
interacted with C[8]A, so that the signal was not changed with the injection of methanol (Figure 3-14c). 
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Figure 3-13. a) Signal changes and slopes of signals of the sensors for various concentrations of organic 
solvents (methanol, ethanol, and n-hexane) in toluene medium. b) Magnified graph of the sensing result 
for n-hexane plotted in a). 
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Figure 3-14. Sensitivity demonstration of the sensors for various concentrations of liquid-phase 
analytes: a) Sensing result of the sensor without C[8]A for methanol in toluene medium. Sensing 
responses of the sensor with C[8]A for b) Toluene in methanol medium and c) methanol in DI water. 
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3.5.3. Selectivity of the sensors for different types of organic solvents 
 
For the confirmation of the selectivity of the sensors, sensing demonstrations of the sensors with and 
without C[8]A layer for solvent blend systems have been conducted (Figure 3-15a). The solvent blends 
of two solvents miscible each other were adopted and tested for selectivity investigation. The solvents 
were mixed with a volume ratio of 1:1. The sensors with C[8]A layer showed higher signal intensities 
than those without C[8]A. For the positive-response solvents (i.e., polar solvents), the signals changed 
more positively and the opposite phenomenon were observed for negative-response solvents (i.e., less- 
and non-polar solvents). The relative comparison for the interactions between analyte and C[8]A was 
performed by monitoring the intensity and the enhancement direction of the signals. These experimental 
results revealed that the interactions between alcohols and C[8]A were typically higher than those 
between non-polar solvents and C[8]A. Moreover, the consecutive injections of different solvents in a 
single sensing operation has been demonstrated (Figure 3-15b). 10 μL of toluene and ethanol were 
injected alternately to the sensors with and without C[8]A at intervals of 50 s after stabilization time (≈ 
50 s). As a result, the sensors showed the negative and positive sensing response by the injections of 
toluene and methanol, respectively. Interestingly, higher signal intensities were observed from the 
sensors with C[8]A layer. On the other hands, the sensors without C[8]A showed the minimal signal 
response after one cycle of the injection as well as lower signal intensities. These results clearly support 
the enhanced selectivity of the sensors owing to the introduction of C[8]A. 
 
 
  
- 46 - 
 
 
 
Figure 3-15. a) Statistical data of sensing results for various solvent blend systems. S indicates average 
value of ID/IBASE and the error bar represents one standard deviation. b) Sensing results for the sensors 
with and without C[8]A for consecutive and alternate injections of toluene and ethanol. 
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3.5.4. Reusability test 
 
The reusability of the sensors has been investigated with two organic solvents (i.e., methanol and 
toluene for positive and negative sensing response, respectively) (Figure 3-16). After each sensing test, 
the residual solvent and the devices were dried at a temperature of ≈70 % of the boiling temperature of 
each solvent. After three times of repeated sensing test of the sensors with cross-linked P3HT-azide 
copolymer, the sensors showed moderate reusability with ≈36.2 % and ≈35.8 % degradation for sensing 
with methanol and toluene, respectively. In contrast, the sensors with non-cross-linked P3HT-azide 
copolymer showed severe degradation of the intensity of the signal as ≈85 % after three times of sensing 
demonstrations. The reason of the significant degradation of the sensors with non-cross-linked P3HT-
azide copolymer may result from the solvation of the semiconducting films and the cracked electrodes 
due to the solvated polymer films (Figure 3-17). The reusability test for sensing toluene with the sensors 
prepared from non-cross-linked P3HT-azide copolymer could not be processed because the electrodes 
were lifted off and the semiconducting layers were solvated by toluene (Figure 3-17). For further 
investigation for reusability of the sensors, morphological analysis has been performed with AFM 
(Figure 3-18). The surfaces of the active layer of the sensors with cross-linked P3HT-azide 
semiconducting layers showed rather intact morphologies even after three times of sensing tests with 
methanol (Figure 3-18a,b) and toluene (Figure 3-18c,d), with average surface roughness of 0.767 nm 
and 0.587 nm, respectively. On the other hands, the morphology of the active layer of the sensors 
without cross-linking showed higher average surface roughness with 0.903 nm after three times of the 
repeated sensing demonstrations (Figure 3-18e,f). These investigations support the enhanced stability 
of the solvent-resistant OFET-based sensors with cross-linked P3HT-azide copolymer. 
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Figure 3-16. Reusability of the sensors for three cycles of sensing tests for liquid-phase organic 
solvents: a) Methanol and b) toluene. For the reusability test for toluene, results for non-cross-linked 
P3HT-azide sensors could not be acquired because of the lift-off of electrodes during sensing of liquid-
phase toluene. At least 5 sensors were tested for estimating the reusability of solvent-resistant OFET-
based sensors. 
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Figure 3-17. Optical microscope images for the surface of the sensors after repeated sensing 
demonstrations. 
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Figure 3-18. AFM images of the surface of the sensors after repeated sensing demonstration: Height 
and phase images of the surface of the active layers with cross-linked P3HT-azide after three times of 
repeated sensing demonstration for a), b) methanol and c), d) toluene. e) Height and f) phase images of 
the surface of the sensors with non-cross-linked P3HT-azide after 3 times of sensing tests for methanol. 
White lines in height images represent the corresponding surface profile along the black dotted line. 
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3.5.5. Sensing demonstration for various pH solutions 
 
In addition to sensing demonstrations with liquid-phase organic solvents, we also performed the sensing 
test with various pH solutions. Figure 3-19a shows a comparison of the signal response of the sensors 
for various pH solutions. The larger signal intensity was observed with lower pH (that means, more 
acidic) conditions. The results for sensing test with the pH solutions are in agreement with our 
hypothesis as well as the results of previous reports, that is infiltrated hydronium ions (H3O+) through 
grain boundaries of the semiconducting layers enhance the current level of the device by p-doping effect 
of the organic semiconductors.10a A statistical data of the pH sensing tests was shown in Figure 3-19b. 
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Figure 3-19. a) Comparison of sensing response of the sensors for various pH solutions and b) 
statistical data for sensing results for pH solutions. S indicates average value of ID/IBASE and the error 
bar represents one standard deviation. 
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3.5.6. Sensing test with low-voltage & flexible OFET-based sensors 
 
The fabrication of the low-voltage and flexible sensor has also been demonstrated. The sensors using 
high k polymer dielectric (i.e., cross-linked poly-4-vinylphenol (PVP)) can be operated at low voltages 
(VDS = -0.6 V, VGS = -0.5 V). The PVP dielectric was cross-linked with 4,4-(hexafluoroisopropylidene) 
diphthalic anhydride (HDA) and used as the gate dielectric. The sensing results of the low-voltage 
operating sensors for various liquid-phase analytes showed identical trends as silicon-based sensors 
(Figure 3-20). Furthermore, we fabricated flexible sensors with polymer substrate and polymer 
dielectric. Indium tin oxide (ITO) coated polyethylene naphthalate (PEN) was used as flexible substrate. 
The fabrication procedures of the flexible sensors is described in Experiments 2.7. A photograph of the 
flexible sensors is shown in Figure 3-21 and it showed ample electrical characteristics (Figure 3-22a,b). 
The signal intensities of the low-voltage operating sensors for analytes were lower than those of the 
SiO2-based sensors, which is due to the lower output current level of the device operated in a lower 
voltage condition. In addition, the surfaces of the polymer dielectric were rougher than those of the 
OTS-modified SiO2, presumably affecting to the morphology of the semiconducting layers (Figure 3-
23). 
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Figure 3-20.  Comparison of sensing responses of the low-voltage OFET-based sensors for various 
liquid-phase analytes. 
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Figure 3-21. Photograph of the flexible sensors fabricated with polymer dielectric (cross-linked PVP) 
and substrate (ITO-coated PEN). 
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Figure 3-22. a) Transfer (VDS = -0.6 V) and b) output characteristics of the low-voltage OFET-based 
sensor.   
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Figure 3-23. a) Height and b) phase images of the solvent-resistant OFET-based sensors with C[8]A 
on the cross-linked PVP dielectric. Height images and root mean square (RMS) roughness of the surface 
of c) PVP dielectric and d) OTS-modified SiO2 wafer.  
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3.6. Computational study for sensing mechanism (MD and DFT) 
 
For the further investigation, computational study by molecular dynamics (MD) and density functional 
theory (DFT) calculation has been conducted as a research collaboration with Prof. Sang Kyu Kwak 
(student Gwan Yeong Jung) from Ulsan National Institute of Science and Technology (UNIST). The 
average dipole moment from interaction between C[8]A and molecules of analytes by MD showed 
identical trend with ID/IBASE, as shown in Figure 3-24. The charge-transfer has also been investigated 
using the DFT calculation, which provides information on the varying partial charges of C[8]A and 
solvent molecules when they were in an energetically configured interaction (Figure 3-25). In the case 
of the polar solvents (i.e., methanol, ethanol, and DI water), C[8]A became electron-deficient condition 
because of the electron-withdrawing nature of the solvents that came from the hydroxyl groups of the 
solvents. On the other hands, C[8]A became electron-rich for the condition of non-polar solvents (i.e., 
toluene and n-hexane) due to the electron-donating nature of the solvent, where the benzene group of 
toluene and C-H group of n-hexane that functions as an electron-donor. The sensing demonstrations for 
various liquid-phase analytes and the results for computational study were summarized in Table 3.  
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Figure 3-24. Statistical comparisons of the sensing results for the liquid-phase analytes (□) and 
calculated induced dipole moments of calix[8]arene/liquid-phase analytes (◇).29 S indicates average 
value of ID/IBASE and the error bar represents the one standard deviation. 
 
  
10
-1
10
0
10
1
10
2
10
3
 
S
1
n
-H
e
xa
n
e
T
o
lu
e
n
e
D
I w
a
te
r
E
th
a
n
o
l
M
e
th
a
n
o
l
1
2
3
4
5
6
7
 
In
d
u
c
e
d
 D
ip
o
le
 M
o
m
e
n
t
(d
e
b
y
e
)
- 60 - 
 
 
Figure 3-25. Calculated charge transfers (CT) and binding energies (BE) of calix[8]arene for various 
liquid-phase analytes. Charge density field mappings of right side represent deformation (def.) density 
field for methanol, ethanol, DI water and total charge density field for toluene and n-hexane, 
respectively. The atomic charges are labeled on each atom and the direction of charge migration is 
presented in figure as arrow.30 
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Table 3.  Summary of sensing demonstration and the results of computational study 
Sensing 
Solvent 
Order of 
ID / IBASE 
Molecular 
Structure 
Available Interaction 
with C[8]A 
Relative 
Polarity 
[𝑬𝐓
𝐍]a) 
Simulation Resultb) 
Lipo 
-philic 
(𝐶−𝐻⋯π) 
Hydro 
-philic 
(𝑂−𝐻⋯𝑂) 
Molecular 
Dipole 
Moment 
[debye]c) 
Relative 
Molecular 
Polarityd) 
Induced 
Dipole 
Moment 
[debye]e) 
Methanol 1 
 
O O 0.762 1.736 (1.70) 0.923 4.751 
Ethanol 2  O O 0.654 1.685 (1.69) 0.896 4.476 
DI water 3 
 
X O 1.000 1.881 (1.85) 1.000 4.117 
Toluene 4 
 
O X 0.099 0.406 (0.36) 0.216 2.203 
n-Hexane 5 
 
O X 0.009 0.001 (0.00) 0.001 1.838 
a) Normalized 𝐸T
N ; the scale of 𝐸T
N ranges from 0.000 for tetramethylsilane (TMS), the least polar solvent, to 1.000 
for water, the most polar solvent.31 
b) The results of computational study were done by student Gwan Yeong Jung (research advisor: Prof. Sang Kyu 
Kwak, UNIST). 
c) The values in parentheses refer to molecular dipole moments from the reference.32 
d) Relative molecular polarity is calculated by relative molecular dipole moments on the basis of value of DI water. 
e) Induced dipole moment is the averaged molecular dipole moment of calix[8]arene from MD simulation. 
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4. Conclusion 
 
In conclusion, we demonstrated novel solvent-resistant OFETs by using cross-linkable azide functional 
groups. P3HT-azide copolymer showed high solvent resistance as well as excellent electrical 
performance. Photo-crosslinking method provides solvent resistance without disturbing molecular 
packing structure of the semiconducting layer, showing maintained electrical properties after cross-
linking. Solvent resistance of the OFETs has been investigated by washing the devices with organic 
solvents, exhibiting excellent electrical characteristics with stable operation comparing with pristine 
P3HT-based OFETs. Air-stability of the cross-linked P3HT-azide was higher than that of the pristine 
P3HT. 
Furthermore, solvent-resistant OFET-based sensor that detects liquid-phase analytes has been 
demonstrated. C[8]A, a calixarene derivative, was introduced to enhance sensitivity and selectivity of 
the OFET-based sensors. The sensing demonstrations of the sensors for various liquid-phase analytes 
and pH solutions have been conducted and well-defined sensing results were demonstrated based on 
combined effects between the sensors and liquid-phase analytes; enhanced electron-withdrawing 
/donating characteristics depending on the analytes and binding events between C[8]A and the 
molecules of analytes. The sensitivity of the sensors with C[8]A showed lower detection limits 
comparing to those of without C[8]A layer. Selectivity test of the sensors has also been carried out by 
alternate injection of different organic solvents, showing distinct response toward each solvent. The 
sensors with cross-linked P3HT-azide copolymer also showed rather higher reusability than those with 
non-cross-linked copolymer. The low-voltage operating and flexible sensors were fabricated using 
polymer dielectric and polymer substrate. The trend of the sensing results agreed with computational 
studies at the atomistic level. This report provides a feasible methodology for the fabrication of the 
OFET-based sensor for liquid-phase organic solvents. 
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